Drug laden films have been widely used in biomedical applications for therapy purposes. One of the key challenges is to realize zero-order sustained release profile for prolonged therapeutic effect. One of the approaches is to load the drug into microspheres and then embed drug laden microspheres into the film so that the drug has to partition into the film before it can be released. A partition control scheme is recently reported, which reduces drug partition coefficient and leaves drug diffusivity intact by drug immobilization. Therefore it is hypothesized that the drug release duration and order of the release profile of polymeric film embedded with drug laden microspheres could be tailored by immobilizing certain amount of drug inside the film. This paper realizes the near zero-order release profile with suitable amount of immobilization; moreover the total duration of the drug release can be extended from a few hours to more than half a month after applying the partition control scheme.
Drug laden polymeric films have been widely used in medical devices for sustained release: Hydroxyapatite scaffold for bone growth, 1 stents, 2 micro-needles, 3 metal implants 4 and drug containing matrices. 5 Drug release rate control is critical in the successful application of those systems. Despite intrinsic properties of the polymeric matrix on the release behavior of a given drug, common methods in tailoring the release profile include: barrier coating on drug laden films (multi-layer system) 2 and polymeric films embedded with drug laden microspheres [6] [7] [8] (Fig. 1 ). The idea of these systems is to localize the drug distribution inside the film and to force them to go through another phase before they can be released so that the release rate is lowered and duration of the release is prolonged. The film with embedded microsphere is of particular interests for sustained drug delivery because hydrophobic drug can hardly be directly incorporated into hydrophilic films, but it is much easier to load the hydrophobic drug into hydrophobic microspheres and disperse the microspheres into hydrophilic films.
In sustained drug delivery systems, not only is prolonged release duration important, but also a zero-order release profile is critical for constant release rate. 9 The * Author to whom correspondence should be addressed.
order of release is quantified by the exponential term in an empirical power law equation:
where the left hand side of the equation is the fraction of the release and variables k and n are related to diffusion coefficients and specific transport mechanisms respectively. The order of the release is defined by n − 1. For Fickian release, n = 0 5; for "zero-order" (i.e., n − 1 = 0), n = 1, the release profile will be linear w.r.t. time, which is also called case II transport. Some higher order release profiles have also been reported, in which a silent period is observed before commencement of linear release.
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Various methods have been proposed to achieve zeroorder release profile. 9 12 Recently we reported a partition control scheme for reservoir/membrane system, 13 which would control the permeability of the membrane by a drug immobilization method. It is hypothesized that the drug immobilization method could affect the release kinetics of film embedded with drug laden microspheres due to its ability to control the overall release rate. It is the objectives of this paper to apply the drug immobilization method to polymeric films embedded with drug laden microspheres and study the drug release kinetics at different immobilization levels. Alginate was chosen to be the material for microsphere synthesis due to its popularity in drug delivery research: naturally available, biocompatible, abundant and of low price. Alginate microspheres were synthesized by a water/oil/water double emulsion method. Drug loading into the microsphere was achieved by simultaneous loading method: drug molecules were dissolved in alginate solution and the microsphere was synthesized afterward. Drug laden microspheres were re-dispersed in the monomer mixture of Poly (ethylene glycol) (PEG) before photo crosslinking. Different amount of drug molecules were immobilized in the PEG film to control the release rate of the free drug loaded into the microspheres (Fig. 2) . The function of the immobilized drug in the film is to control the partition coefficient of the free drug from the microsphere to the film, but they are not to be released.
Alginate was dissolved in 10 ml NaCl solution (9 mg/ml) at a concentration of 20 mg/ml. 2 ml alginate solution and 0.2 ml Span 85 were added into 10 ml isopropyl myristate. The mixture was processed by an ultrasonic processor for 5 min (5 W) (first emulsion). 0.1 ml Tween 80 was added into 1 ml isopropyl myristate and the mixture was added into the first emulsion and ultrasonically processed for another 5 min at the same power (final emulsion). 7 ml CaCl 2 solution (100 mg/ml) was added into the final emulsion using a syringe and the mixture was stirred for 30 min at room temperature using a magnetic stirrer. The final mixture was centrifuged at 6,000 rpm for 10 min to collect the synthesized microspheres. The collected microspheres were rinsed for three times in deionized (DI) water followed by acetone and finally DI water.
Various concentration of florescence labeled Bovine Serum Albumin (FITC-BSA) was dissolved in the Alginate solution as model drug. As the drug is now in the alginate solution, FITC-BSA is simultaneously loaded into the microsphere during formation of the sphere. 
Microsphere loaded with free drug
Film with immobilized drug Fig. 2 . Partition controlled film embedded with drug laden microspheres: free drug is the drug molecule loaded inside the microsphere, and it is free to be released; immobilized drug is only present in the film, and the function of the immobilized drug is to control the partition coefficient of the free drug in the microsphere.
In order to immobilize model drug in the film, C C was first introduced to BSA by covalent binding. The functionalization of BSA was done by first adding a certain amount of acryloyl chloride into BSA solution (dissolve in DI water) of various concentrations and reacted at 4 C for 2 hr (Scheme 1) as described by Peppas et al.
14 Different amount of acryloyl chloride was added into 5 ml BSA solution of different concentration according to Table I. 1 ml ethanol was added into 8 g polyethylene glycol monomethacrylate (PEGMA), 450 ul, tetraethylene glycol diacrylate (TEGDA) was added into the PEGMA solution (10% crosslinking density). 3% w/w 2,2-dimethoxy-2-phenyl acetophenone (DMPA) was added into the monomer solution and stirred for two hours to dissolve the photo initiator. The final monomer solution was equally divided into 6 parts. Microspheres were re-dispersed in different solvent and the dispersion was then added into the monomer mixture at constant stirring according to the composition in Table II . It is worth noting that FITC-BSA loaded in the alginate is free to be released whereas the BSA solution in PEG precursor is to be immobilized in the film. The samples were named according to the solvent used for the synthesis, for example samples in part 3 was called 5 mg/ml immobilization in PEG, in short 5 mg/ml immobilization. The mixture was transferred into 24-well cell culture plate and each part was equally divided into three wells. Finally, the mixture loaded cell culture plate was placed into a UV crosslinker and exposed for 4 mins on both sides to form circular thick films. The PEG monomer containing FITC-BSA laden microsphere was applied onto a piece of glass slide and then induce photo-polymerization in a UV Crosslinker (365 nm) to form a thinner film for observation. The cured film was observed by a fluorescence microscope (Carl Ziess, Germany).
Scanning Electron Microscope (SEM, JEOL JSM-5600LV, operating at 10 KV) was used to observe the internal structure of PEG film embedded with alginate microspheres. The films were first cut in the center so that the internal structure is exposed for observation. They were vacuum dried for 24 hr. A layer of gold was sputtered onto the cross-section of the films before SEM observation.
Loading efficiency of alginate microspheres was studied by unloading method: 5 mg drug laden microspheres were suspended in 3 ml PBS buffer (pH 7.4) for 3 days. For every 24 hours, the unloading medium was centrifuged at 6,000 rpm for 10 min and the aqueous phase was measured by UV spectrophotometer to determine the concentration of the protein. Where m protein is the total mass of protein that is unloaded during 3 days and m microsphere is the amount of microsphere used for unloading experiment.
Synthesized films were placed in 12-well culture plate. 3 ml PBS buffer (pH 7.4) was added to each well. Since the drug immobilized film with drug laden microsphere cannot be pre-rinsed to remove un-reacted monomers or un-immobilized functionalized BSA. In order to measure the amount of BSA that is released from the microsphere, the loaded BSA has to be differentiated from the immobilized ones. FlTC-BSA was used for loading and normal BSA was used for immobilization. The buffer was taken out at pre-determined time for measurement and fresh buffer was re-filled. The measurement of the buffer was done by UV-Vis (Shimadzu 2450) at 491 nm (measures the absorption of the FITC-BSA but not BSA), and the concentration was calculated according to a standard line. All the experiment was done at room temperature and was duplicated. For release experiment of drug laden microsphere alone, FITC-BSA laden microspheres were suspended in 3 ml PBS (pH 7.4) in a centrifuge tube. The tube was gently shaken in the course of experiment. 10 min before predetermined time, the tube was centrifuged at 6,000 rpm for 10 min and the concentration of FITC-BSA in the aqueous phase was measured. Fresh buffer was refilled to the tube after each measurement. The experiment was repeated twice.
In the designed scheme, drug has to dissolve into the drug immobilized-polymeric film first (partition step) before it can diffuse out of the system. Therefore the overall drug release rate can be controlled by the drug immobilization method. Presented below are visual illustration of the system, drug loading into the microsphere and the release behavior. Figure 3 illustrates the florescence and SEM images of the PEG membrane embedded with drug laden The drug loading efficiency (of BSA into alginate microsphere) increases with BSA concentration and then decreases as shown in Figure 4 . The increase is because more drugs are distributed in a unit volume of precursor solution so that more drug molecules can be trapped during microsphere formation. Whereas when drug concentration further increases, electrostatic repulsion between the drug molecules and forming microspheres dominates, which prevents more drug to be trapped in the microsphere. Figure 5 shows that without the PEG membrane, the drug laden microsphere alone completes the release of its content in six hours. By simply embedding the microsphere in a PEG film, drug is released in a linear manner for 70 hours, which is more than 10-fold longer. The duration is further extended to 170 hours (7 days) when the PEG membrane is pre-immobilized with 5 mg/ml of drug. With different amount of immobilization, the duration of release is further extended to two weeks (Fig. 6) . Moreover a silent period is observed at high immobilization levels (no drug is detectable in the release medium, indicating that drug is not released during this period of time).
From release mechanism point of view, it can be seen that the order of the release is increased after drug immobilization (Table III) , hence it is possible to tune the order of release by the drug immobilization method. Zero-order release can be realized by a suitable amount of drug immobilization (5 mg/ml immobilization).
In the monolith system, drug molecules are distributed uniformly inside the film, and as more drug molecules are released, the concentration of the drug in the film is reduced, leading to a reduction in the release rate (n less than unity, and in a perfect diffusion controlled system, n = 0 5). In the film embedded with drug laden microspheres, drug is stored inside microspheres and it has to dissolve in the film first before it can be released. The amount of drug that can be dissolved in the film at a given instance of time is governed by the partition coefficient (ratio of drug concentration between film and microsphere), and the speed at which the drug moves inside the film is measured by diffusion coefficient. Considering Fick's law for diffusion, it can be understood that the overall drug transport rate inside the film with drug laden microsphere is a function of 1, drug loading concentration inside the microsphere; 2, partition coefficient between microsphere and film; 3, concentration gradient inside the film (which is a function of geometry of the film, i.e., thickness) and 4, diffusion coefficient of the drug inside the film. In all the release experiment conducted in this study, the loading concentration and geometry of the film are the same; hence the difference in the release rate (slope of the release profile in the linear range, shown in Table IV) and change in release kinetics can only be attributed to changes in either partition or diffusion coefficient or both after drug immobilization.
Unfortunately, in the film embedded with drug laden microspheres, it is very difficult to differentiate the effect of diffusivity and partition coefficient after drug immobilization. But based on our previous study in the donormembrane-receptor system, it is known that the change in the release behavior after drug immobilization is contributed by partition effect rather than diffusion. 13 Therefore the working mechanism of drug immobilization on the release kinetics and release rate/duration of the film with drug laden microsphere is hypothesized as follows:
If the partition coefficient is high, the concentration of the drug in the film will be high as well, which results in a faster released rate; on the other hand, a faster release rate reduces the drug concentration in the film, hence more stored drug in the microspheres will be dissolved in the film, leading to a fast reduction in the amount of stored drug molecule. As the amount of stored drug molecules is less, the measured drug release rate will be slower. The observed release profile will be similar to the monolith system (n = 0 87 for the film without immobilization as shown in Table III) .
As the partition coefficient reduces after drug immobilization, the rate at which the stored molecule is released will be smaller, hence a more stable concentration in the film can be realized (the drug laden microsphere will behave as a "infinite source" of drug molecules for a certain period of time to ensure a stable concentration in the film), which leads to linear release profile (n = 1). And the duration of release is prolonged because the overall release rate is slower with a smaller partition coefficient.
Higher order release profile shows a phase of very slow release rate in the beginning, which is because it takes a longer time for the drug molecules to travel to the surface of the film when the concentration gradient inside the film is too small (caused by a small partition coefficient), which results in a slow drug transport rate inside the film.
Although microspheres were used in this study for demonstration purposes, it is expected that the partition control scheme can be used in systems with nano-sized spheres and films with sub-micron thickness. Moreover, because the control principle is material independent, 13 it can be applied to other films embedded with drug laden microspheres or multi-layer systems. Although standalone films are used in this study, the method is applicable to thin film coating on scaffold or stents as well.
Drug immobilization in the film can be used as a control method in drug laden microsphere embedded films to tailor the drug release rate and kinetics. Zero-order release profile can be realized with a suitable amount of drug immobilization in the film. Release duration can be adjusted through the amount of immobilization from hours to half a month.
